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1
MOTOR CONTROL FOR STABILITY AND
POWER SUPPLY PROTECTION

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/933,803, filed Jul. 2, 2013, which is
incorporated by reference herein in its entirety.

BACKGROUND INFORMATION

1. Field

The present disclosure relates generally to electric motors
and to the control of electric motors. More particularly, the
present disclosure relates to controlling an electric motor to
reduce instability when the motor is providing power to a
power source and to protect the power source from undesired
current levels.

2. Background

Aircraft may employ various electronic devices and sys-
tems to perform various functions on the aircraft. For
example, without limitation, electric motors on an aircraft
may beused to move flight control surfaces, to raise and lower
landing gear, and to perform other functions on the aircraft.
Power for the electric motors and other electronic systems
and devices on an aircraft may be provided by an aircraft
power system.

Anexample ofa type of electric motor used on aircraft, and
for many other applications, is a brushless DC electric motor.
This type of motor is also known as an electronically com-
mutated motor. A brushless DC motor may comprise, for
example, a permanent magnet synchronous motor, a switched
reluctance motor, or an induction motor. Brushless DC
motors are powered by a direct current (DC) electrical power
source via an inverter which is controlled to provide a switch-
ing power signal to drive the motor.

For example, a brushless DC motor may include perma-
nent magnets which rotate and a fixed armature which com-
prises the stator windings. An electronic controller continu-
ally switches the phase of power provided to the windings to
keep the motor turning. The controller may employ a solid
state circuit to provide timed power distribution to the motor
windings.

To direct the rotor rotation, the controller for a brushless
DC motor requires some means of determining the rotor’s
orientation relative to the stator windings. Some brushless
DC motors use Hall effect sensors or a rotary encoder to
directly measure the position of the rotor. Others measure the
back electromotive force (EMF) in the undriven windings to
infer the rotor position. Controllers of this latter type are often
called sensorless controllers. Other sensorless controllers are
capable of measuring winding saturation caused by the posi-
tion of the magnets to infer the rotor position.

The controller for a brushless DC motor may provide bi-
directional outputs to control the driving of DC power to the
motor windings. The outputs may be controlled by a logic
circuit. Simple controllers may employ comparators to deter-
mine when the output phase should be advanced. More
advanced controllers may employ a microcontroller to man-
age acceleration, control speed, and fine tune-motor effi-
ciency. Motor controllers of this type may be referred to as
electronic speed controllers.

A controller may control the power that is provided to the
windings of a DC motor by controlling the switches in a
switch bridge. The switch bridge couples the DC power
source to the windings of the DC motor. For example, a
three-phase switch bridge may have six switches arranged to
form three parallel half H-bridges for coupling the DC power
source to three motor windings of a DC motor. The switches
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2

of the switch bridge may be controlled by the controller to
drive a current in either direction on each of the motor wind-
ings. For example, without limitation, the switch bridge may
be implemented using solid state switching devices such as
metal-oxide-semiconductor field-effect transistors (MOS-
FETs).

Various methods may be used to control the switches in a
switch bridge to modulate the current in the windings of a
brushless DC motor. However, existing methods for modu-
lating the current in the motor windings of a brushless DC
motor may have various drawbacks and limitations. A method
for controlling the current in the windings of a brushless DC
motor that overcomes these drawbacks and limitations is
desirable.

The rotor in a brushless DC motor may be controlled to
rotate in either direction, clockwise or counter-clockwise.
The current in the windings of the motor may be controlled to
produce torque on the rotor in either the clockwise or counter-
clockwise direction. The current in the windings may be
controlled to produce torque on the rotor that is either in the
same direction as the direction of rotation of the rotor or in the
opposite direction from the direction of rotation of the rotor at
a particular point in time.

Operation of a brushless DC motor thus may be described
with reference to four quadrants. For example, in a first quad-
rant of operation, the rotor may be rotating in a clockwise
direction and the current in the motor windings may produce
torque on the rotor in the same clockwise direction. In a
second quadrant of operation, the rotor may be rotating in a
counter-clockwise direction and the current in the motor
windings may produce torque on the rotor in the opposite
clockwise direction. In a third quadrant of operation, the rotor
may be rotating in a counter-clockwise direction and the
current in the motor windings may produce torque on the
rotor in the same counter-clockwise direction. In the fourth
quadrant of operation, the rotor may be rotating in a clock-
wise direction and the current in the motor windings may
produce torque on the rotor in the opposite counter-clockwise
direction.

When a motor is operating in the second and fourth quad-
rants of operation, the motor may provide power back to the
power source. In this case, the motor may be said to be
regenerating or in a regenerating mode of operation. It is
desirable to reduce or prevent undesired conditions that may
occur when the motor is regenerating. For example, it is
desirable to reduce or prevent instability that may occur when
the motor is regenerating. It is also desirable to reduce or
prevent undesired current flow between the motor and the
power source when the motor is operating in various quad-
rants, including when the motor is regenerating. Accordingly,
it would be desirable to have a method and apparatus that take
into account one or more of the issues discussed above as well
as possibly other issues.

SUMMARY

Embodiments of the present disclosure provide an appara-
tus comprising a motor, a switch bridge, a motor controller, an
undesired condition identifier, and an undesired condition
reducer. The motor comprises windings. The switch bridge
comprises a plurality of switches configured to couple a
power source to the windings. The motor controller is con-
figured to control the plurality of switches. The undesired
condition identifier is configured to identify an undesired
condition in the apparatus when the motor is providing power
to the power source, wherein the undesired condition is
defined with respect to a characteristic of the power source.
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The undesired condition reducer is configured to reduce the
undesired condition in response to identifying the undesired
condition in the apparatus by the undesired condition identi-
fier.

Embodiments of the present disclosure also provide a
method of controlling a motor. A plurality of switches in a
switch bridge is controlled to couple a power source to wind-
ings of the motor. It is determined whether a voltage across
the windings is greater than a first voltage threshold, wherein
the first voltage threshold is defined with respect to an output
voltage of the power source. A current in the windings is
directed to ground via a resistor in response to a determination
that the voltage across the windings is greater than the first
voltage threshold.

Embodiments of the present disclosure also provide
another method of controlling a motor. A plurality of switches
in a switch bridge is controlled to couple a power source to
windings of the motor. A duty cycle during which a number of
the plurality of switches are closed to provide a current
between the power source and the windings is limited such
that the current between the power source and the windings
does not exceed a current limit for the power source.

The features and functions can be achieved independently
in various embodiments of the present disclosure or may be
combined in yet other embodiments in which further details
can be seen with reference to the following description and
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the illustrative
embodiments are set forth in the appended claims. The illus-
trative embodiments, however, as well as a preferred mode of
use, further objectives, and features thereof will best be
understood by reference to the following detailed description
of an illustrative embodiment of the present disclosure when
read in conjunction with the accompanying drawings,
wherein:

FIG. 1 is an illustration of a block diagram of a motor
control environment in accordance with an illustrative
embodiment;

FIG. 2 is an illustration of a block diagram of a motor
controller in accordance with an illustrative embodiment;

FIG. 3 is an illustration of a schematic circuit diagram of a
switch bridge for controlling current in a motor in accordance
with an illustrative embodiment;

FIG. 4 is an illustration of a schematic circuit diagram of a
switch bridge for controlling current in a motor in a driving
configuration in accordance with an illustrative embodiment;

FIG. 5 is an illustration of a schematic circuit diagram of a
switch bridge for controlling current in a motor in a first
coasting configuration in accordance with an illustrative
embodiment;

FIG. 6 is an illustration of a schematic circuit diagram of a
switch bridge for controlling current in a motor in a second
coasting configuration in accordance with an illustrative
embodiment;

FIG. 7 is an illustration of a schematic circuit diagram of a
switch bridge for controlling current in a motor in a regener-
ating configuration in accordance with an illustrative embodi-
ment;

FIG. 8 is an illustration of switch timing for a switching
cycle providing driving and coasting current for a motor in
accordance with an illustrative embodiment;

FIG. 9 is an illustration of switch timing for a switching
cycle providing only coasting current for a motor in accor-
dance with an illustrative embodiment;
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FIG. 10 is an illustration of switch timing for a switching
cycle providing coasting and regenerating current for a motor
in accordance with an illustrative embodiment;

FIG. 11 is an illustration of switch timing for a switching
cycle providing only regenerating current for a motor in
accordance with an illustrative embodiment;

FIG. 12 is an illustration of the quadrants of operation of a
motor in accordance with an illustrative embodiment;

FIG. 13 is an illustration of a block diagram of an undesired
condition identifier and an undesired condition reducer for
reducing instability in the current in a motor in accordance
with an illustrative embodiment;

FIG. 14 is an illustration of a schematic circuit diagram of
a switch bridge and a switch and resistor for directing current
in a motor winding to ground in accordance with an illustra-
tive embodiment;

FIG. 15 is an illustration of a schematic circuit diagram of
a discrete valued variable resistor in accordance with an illus-
trative embodiment;

FIG. 16 is an illustration of a block diagram of a resistance
selector in accordance with an illustrative embodiment;

FIG. 17 is an illustration of current in the windings of a
motor in accordance with an illustrative embodiment;

FIG. 18 is an illustration of a flowchart of a process for
reducing instability in a motor in accordance with an illustra-
tive embodiment;

FIG. 19 is an illustration of a flowchart of a process for
selecting the resistance of a variable resistor in accordance
with an illustrative embodiment;

FIG. 20 is an illustration of a block diagram of an undesired
condition identifier and an undesired condition reducer for
protecting a power source from undesired current during
operation of a motor in accordance with an illustrative
embodiment;

FIG. 21 is an illustration of a waveform diagram of current
control for protecting a power source from undesired current
during operation of a motor in accordance with an illustrative
embodiment; and

FIG. 22 is an illustration of a flowchart of a process for
protecting a power source from undesired current during
operation of a motor in accordance with an illustrative
embodiment.

DETAILED DESCRIPTION

The different illustrative embodiments recognize and take
into account a number of different considerations. “A num-
ber”, as used herein with reference to items, means one or
more items. For example, “a number of different consider-
ations” means one or more different considerations.

The different illustrative embodiments recognize and take
into account that it is desirable to protect against instability
when a motor is regenerating. When a motor is regenerating,
the switches in a switch bridge are controlled such that power
is provided from the motor back to a power source via the
switch bridge. The switches in the switch bridge comprise
switching devices configured to conduct current in a first
direction when the switching devices are closed and diodes
connected in parallel with the switching devices and config-
ured to conduct current in a second direction opposite to the
first direction.

When the motor is regenerating, it is possible for the volt-
age across the motor windings to climb higher than the volt-
age of the power source. When the voltage across the motor
windings is higher than the power source voltage, the diodes
in parallel with the switching devices in the switch bridge will
conduct current in an uncontrollable manner. When the cur-
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rent in the switch bridge is uncontrollable, the current flowing
to the power source and in the windings of the motor may run
away and become unacceptably high. Such high current
increases the risk of an inconsistency, or damage, occurring in
one or more of the motor, the switch bridge, or the power
source.

The different illustrative embodiments provide a system
and method for reducing instability when a motor is regener-
ating. In accordance with an illustrative embodiment,
impending instability is identified when a voltage across the
windings of the motor is greater than a voltage threshold. The
voltage threshold is defined with respect to the output voltage
of a power source for the motor. For example, the voltage
threshold may be approximately equal to the output voltage of
the power source. In response to identifying the impending
instability, current in the motor windings is directed to ground
via a resistor to drive down the voltage across the motor
windings. The resistor may be a variable resistor. The resis-
tance of the variable resistor may be selected based on the
level of current to be directed to ground. The variable resistor
may be controlled based on the temperature of the resistor, to
prevent overheating of the resistor.

The different illustrative embodiments also recognize and
take into account that the flow of current between a power
source and the windings of a motor via a switch bridge may
have undesired effects on the power source in some cases. For
example, when a motor is regenerating, power is provided
from the motor back to the power source for the motor via the
switch bridge. In this case, there is a potential for inconsis-
tencies to occur in the power source if too much current is
flowing back into the power source from the motor.

The duty cycle for the switching of the switching devices in
a switch bridge defines the portion of a switching cycle during
which current may flow between a power source and a motor.
In accordance with an illustrative embodiment, the duty cycle
may be controlled to limit the flow of current between the
motor and the power source such that the flow of current
between the motor and the power source does not exceed a
current limit of the power source. The current limit of the
power source may be fixed or variable. For example, the
power source may be a battery. In this case, the current limit
may be set based on feedback from a cell balancer circuit for
the battery.

Turning to FIG. 1, an illustration of a block diagram of a
motor control environment is depicted in accordance with an
illustrative embodiment. Motor control environment 100 may
be implemented for controlling motor 101 for operation on
platform 102. Platform 102 may be any fixed or mobile struc-
ture on which motor 101 may be operated.

Motor control environment 100 may be configured to oper-
ate motor 101 to perform any appropriate function or combi-
nation of functions on platform 102. For example, without
limitation, platform 102 may be aircraft 104 or another
vehicle. Aircraft 104 may be a fixed wing, rotary wing, or
lighter-than-air aircraft.

In some illustrative examples, aircraft 104 also may be
manned or unmanned. For example, without limitation, air-
craft 104 may be a commercial passenger aircraft, a cargo
aircraft, a military aircraft, a government aircraft, a private
aircraft, or any other type of aircraft configured to perform
any appropriate task or mission or combination of tasks or
missions. As further examples, platform 102 may be a sub-
marine, an automobile, a satellite, or any other vehicle
capable of traveling in the air, in space, on land, on the surface
of' water, underwater, or in any other medium or combination
of media.
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Motor 101 is an electric motor. Specifically, motor 101 may
comprise brushless DC motor 108. For example, without
limitation, motor 101 may comprise a brushless interior per-
manent magnet motor, a permanent-magnet synchronous
motor, or any other appropriate type of brushless DC motor
108 or other appropriate electric motor.

Motor 101 comprises windings 110 and rotor 112. Wind-
ings 110 are stationary and form the motor stator. Windings
110 also may be referred to as coils. Power may be provided
onwindings 110 to drive rotation of rotor 112. Thus, windings
110 form the armature for motor 101.

Rotor 112 may be coupled to load 114. Load 114 may be
any structure that may be moved in any manner via any
appropriate direct or indirect connection to rotor 112. For
example, on aircraft 104, load 114 may include actuators for
flight control surfaces, for landing gear, or for performing any
other appropriate functions or combinations of functions on
aircraft 104. In other applications, load 114 may be a pump, a
vehicle drive train, an actuator for performing another func-
tion, or any other appropriate load or combination of loads on
platform 102.

Electrical power for motor 101 may be provided by DC
power source 116. DC power source 116 may comprise any
appropriate source of DC power. For example, without limi-
tation, DC power source 116 on aircraft 104 may comprise a
DC bus that is provided with DC power from an AC to DC
power converter. Power for the AC to DC power converter
may be provided from AC power on an AC bus. AC power on
the AC bus may be provided by a generator on aircraft 104.
For example, without limitation, the generator may be driven
by a number of engines on aircraft 104. In other applications,
DC power source 116 may be another type of DC power
source, such as a battery or any other appropriate source or
combination of sources of DC power.

DC power source 116 is coupled to windings 110 of motor
101 via switch bridge 118. Switch bridge 118 comprises a
plurality of switches that are configured to be opened and
closed to connect DC power source 116 to windings 110 ina
variety of configurations. The plurality of switches in switch
bridge 118 may be controlled to provide the appropriate con-
figuration of power on windings 110 to operate motor 101 in
adesired manner. The number and arrangement of switches in
switch bridge 118 may depend on the number of phases of
windings 110 in motor 101. For example, without limitation,
switch bridge 118 may be a three-phase bridge comprising
three parallel half H-bridges for coupling DC power source
116 to three-phase windings in a three-phase motor.

Motor controller 120 may be configured to control the
switching of switch bridge 118 to control the operation of
motor 101 in a desired manner. In the present application,
including in the claims, the switching of a switch bridge refers
to the opening and closing of one or more switches in a switch
bridge. For example, without limitation, motor controller 120
may employ current command 122, current feedback 124,
and rotation feedback 126 to control motor 101.

Current command 122 may indicate desired current in
windings 110 of motor 101. For example, without limitation,
current command 122 may indicate a desired magnitude and
direction of current in windings 110. The torque produced by
motor 101 is a function of the current in windings 110 of
motor 101. Therefore, current command 122 may be referred
to as torque command 128.

Motor controller 120 may receive current command 122 to
start motor 101, to stop motor 101, or to operate motor 101 or
load 114 at a desired speed in a desired direction. Current
command 122 may be provided to motor controller 120 in any
appropriate form from any appropriate source. For example,
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without limitation, current command 122 may be received by
motor controller 120 from one or more higher level control-
lers for controlling motor 101 or load 114. Such a higher level
controller may comprise an entirely automated controller, a
human operator, or a human operator in combination with a
machine controller.

Current feedback 124 may identify the current in windings
110 of motor 101. The current in windings 110 of motor 101
that is identified by current feedback 124 may be referred to as
the actual current in windings 110. Preferably, current feed-
back 124 includes information identifying both the magni-
tude and direction of current in windings 110.

Current feedback 124 may be provided by any appropriate
current sensor 130. Current sensor 130 may include any num-
ber of appropriate sensors that may be configured to provide
the desired current feedback 124. For example, without limi-
tation, motor controller 120 may be configured to control the
switching of switch bridge 118 in an appropriate manner to
cause the current in windings 110 of motor 101, as identified
by current feedback 124, to match the desired current identi-
fied in current command 122.

Rotation feedback 126 may identify the rotation of rotor
112 of motor 101. Preferably, rotation feedback 126 includes
information identifying both the direction and speed of rota-
tion of rotor 112. Rotation feedback 126 may be provided by
any appropriate rotation sensor 132. Rotation sensor 132 may
include any number of appropriate sensors that may be con-
figured to provide the desired rotation feedback 126.

Motor controller 120 may be implemented using hardware
or hardware in combination with software. For example,
motor controller 120 may be implemented using configurable
hardware 134, programmable device 136, or both. Config-
urable hardware 134 may comprise hardware that is config-
urable to perform one or more functions of motor controller
120. Programmable device 136 may comprise any device that
is programmable to implement one or more functions of
motor controller 120. For example, without limitation, pro-
grammable device 136 may comprise a programmable micro-
controller, digital signal processor, or other programmable
device.

Programmable device 136 may be configured to run soft-
ware or firmware in the form of program instructions 138 to
implement one or more functions of motor controller 120.
Program instructions 138 may be stored in any appropriate
computer readable storage medium 140 for use by, or transfer
to, programmable device 136. For example, without limita-
tion, computer readable storage medium 140 may comprise a
computer readable storage device or any other physical
medium for storing program instructions 138. Program
instructions 138 stored on computer readable storage medium
140 may comprise computer program product 142.

The illustration of FIG. 1 is not meant to imply physical or
architectural limitations to the manner in which different
illustrative embodiments may be implemented. Other com-
ponents in addition to, in place of, or both in addition to and
in place of the ones illustrated may be used. Some compo-
nents may be unnecessary in some illustrative embodiments.
Also, the blocks are presented to illustrate some functional
components. One or more of these blocks may be combined
or divided into different blocks when implemented in difter-
ent illustrative embodiments.

For example, motor 101 may be connected to drive more
than one load. The illustrative embodiments may be used to
control motors of any size for use in any application or oper-
ating environment. For example, without limitation, the illus-
trative embodiments may be used to control motors used on
automobiles, airplanes, boats, spacecraft, and other vehicles.
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For example, without limitation, the illustrative embodiments
may be used to control motors for pointing antennas on space-
craft, for heating ventilation and air conditioning (HVAC)
systems, for boring devices for riveting on aircraft wings and
fuselages, and for other applications.

Turning to FIG. 2, an illustration of a block diagram of a
motor controller is depicted in accordance with an illustrative
embodiment. In this example, motor controller 200 may be an
example of one implementation of motor controller 120 for
controlling motor 101 in FIG. 1.

Motor controller 200 may be configured to control the
operation of motor 202 in a desired manner by controlling the
switching of the switches in switch bridge 204. Switch bridge
204 comprises a plurality of switches that are configured to be
opened and closed to connect power source 206 to windings
208 of motor 202 in a variety of configurations. The switches
in switch bridge 204 may be controlled to provide the appro-
priate configuration of power on windings 208 to operate
motor 202 in a desired manner. The number and arrangement
of switches in switch bridge 204 may depend on the number
of'phases of windings 208 in motor 202. For example, without
limitation, switch bridge 204 may be a three-phase bridge
comprising three parallel half H-bridges for coupling power
source 206 to three-phase windings in a three-phase motor.
Switch bridge 300 in FIG. 3 is an example of such a three-
phase switch bridge. Switch bridge 1400 in FIG. 14 is an
example of a switch bridge for a single phase winding of a
motor.

Motor controller 200 may comprise feedback controller
210. Feedback controller 210 may be configured to receive
commanded rotation 212, actual rotation 214, commanded
current 216, and actual current 218. Commanded rotation 212
may indicate a desired rotation for rotor 220 of motor 202. For
example, commanded rotation 212 may indicate a desired
direction and speed of rotation of rotor 220. Actual rotation
214 comprises an indication of the rotation of rotor 220.
Actual rotation 212 is provided as feedback to feedback con-
troller 210. Actual rotation 214 may be identified using any
appropriate rotation sensor 222 for identifying the rotation of
rotor 220.

Commanded current 216 may indicate a desired current in
windings 208 of motor 202. For example, commanded cur-
rent 216 may indicate a desired magnitude and direction of
current 224 in windings 208 of motor 202. Actual current 218
comprises an indication of current 224 in windings 208 of
motor 202. Actual current 218 is provided as feedback to
feedback controller 210. Actual current 218 may be identified
using any appropriate current sensor 226.

Feedback controller 210 may be implemented in any
appropriate manner to generate duty cycle 228. Duty cycle
228 is the portion of each switching cycle 230 during which
the appropriate switches in switch bridge 204 are closed so
that current can flow between power source 206 and windings
208 of motor 202. Duty cycle 228 provided by feedback
controller 210 also may identify a direction of current flow
between power source 206 and windings 208 during the iden-
tified portion of switching cycle 230.

For example, without limitation, duty cycle 228 may be
identified by a single value output from feedback controller
210 that indicates both whether commanded current 216 is
greater than or less than actual current 218 in windings 208 of
motor 202, as well as the magnitude of the difference between
commanded current 216 and actual current 218 in windings
208 of motor 202. For example, the sign of duty cycle 228
may indicate whether commanded current 216 is greater than
or less than actual current 218 in windings 208. The absolute
value of duty cycle 228 may indicate the magnitude of the
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difference between commanded current 216 and actual cur-
rent 218. In this case, the value for duty cycle 228 may be zero
when actual current 218 in windings 208 of motor 202
matches commanded current 216.

For example, without limitation, feedback controller 210
may comprise a proportional-integral controller or any other
appropriate controller for determining commanded current
216 relative to the difference between commanded rotation
212 and actual rotation 214. Feedback controller 210 may
comprise a proportional-integral controller or any other
appropriate controller for determining duty cycle 228 relative
to the difference between commanded current 216 and actual
current 218. Duty cycle 228 generated by feedback controller
210 is provided to switch controller 232.

Switch controller 232 is configured to generate the appro-
priate control signals for opening and closing the switches in
switch bridge 204 to implement duty cycle 228. Switch con-
troller 232 may be configured to control the switching of the
switches in switch bridge 204 based on switching cycle 230.
The duration of switching cycle 230 may be selected in any
appropriate manner. Switch controller 223 may implement
duty cycle 228 by controlling the switches in switch bridge
204 each switching cycle 230 to control the portion of each
switching cycle 230 in which switch bridge 204 is configured
for driving 234, coasting 236, or regenerating 238.

When the switches in switch bridge 204 are configured for
driving 234, power source 206 is connected across windings
208 of motor 202 to increase the magnitude of current 224 in
windings 208. Driving 234 also may be referred to as gener-
ating current 224 in windings 208 of motor 202.

The switches in switch bridge 204 may be configured to
short-circuit windings 208 of motor 202 through switch
bridge 204 to configure switch bridge 204 for coasting 236.
During coasting 236, current 224 in windings 208 may
remain relatively constant. For example, during coasting 236,
current 224 in windings 208 of motor 202 may decrease only
due to resistance and similar losses in switch bridge 204 and
windings 208.

When the switches in switch bridge 204 are configured for
regenerating 238, power source 206 is connected across
windings 208 of motor 202 to return the energy in windings
208 to power source 206. During regenerating 238, the mag-
nitude of current 224 in windings 208 of motor 202 is reduced
relatively quickly.

Switch controller 232 may configure switch bridge 204 for
driving 234, coasting 236, and regenerating 238 based on
duty cycle 228 from feedback controller 210. For example,
duty cycle 228 from feedback controller 210 may indicate
that the desired current in windings 208 of motor 202 is
greater than actual current 218 in windings 208. In this case,
switch controller 232 may control the switches in switch
bridge 204 to configure switch bridge 204 for driving 234 for
at least a portion of switching cycle 230 to increase current
224 in windings 208.

The switches in switch bridge 204 that are controlled to
configure switch bridge 204 for driving 234, coasting 236, or
regenerating 238 may be different depending on the direction
of current 224 in windings 208 of motor 202. In other words,
the switches in switch bridge 204 that are controlled to con-
figure switch bridge 204 for driving 234, coasting 236, or
regenerating 238 may be different depending on the quadrant
of operation of motor 202.

Undesired condition identifier 240 is configured to identify
the occurrence of undesired condition 242 during operation
of motor 202 by motor controller 200. Undesired condition
242 may include any condition that may have an undesired
effect on one or more of motor controller 200, motor 202,
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switch bridge 204, and power source 206. For example,
undesired condition 242 may be defined with respect to char-
acteristic 244 of power source 206.

One characteristic 244 of power source 206 is output volt-
age 246. When motor 202 is regenerating 238, voltage 248
across windings 208 may become greater than output voltage
246 of power source 206. Voltage 248 across windings 208
that is greater than output voltage 246 of power source 206
may result in undesirable large and unstable current in wind-
ings 208. The instability resulting from voltage 248 in wind-
ings 208 being greater than output voltage 246 of power
source 206 is one example of undesired condition 242. In this
case, undesired condition 242 may be identified by undesired
condition identifier 240 by comparing output voltage 246 of
power source 206 to voltage 248 across windings 208. Volt-
age 248 across windings 208 may be determined using an
appropriate voltage sensor 250.

Current limit 252 of power source 206 is another charac-
teristic 244 of power source 206. Inconsistencies in power
source 206 may result if the current provided to power source
206 is greater than current limit 252. Thus, current 224 in
windings 208 that is greater than current limit 252 of power
source 206 when motor 202 is regenerating 238 is another
example of undesired condition 242.

Undesired condition reducer 254 may be configured to take
appropriate action to reduce or prevent undesired condition
242. For example, undesired condition reducer 254 may be
configured to direct current 224 in windings 208 to ground to
reduce voltage 248 across windings 208 in response to a
determination that voltage 248 across windings 208 is greater
than output voltage 246 of power source 206. As another
example, undesired condition reducer 254 may be configured
to control duty cycle 228 to reduce current 224 on windings
208 provided to power source 206 in response to a determi-
nation that current 224 provided to power source 206 is
greater than current limit 252 of power source 206.

The illustration of FIG. 2 is not meant to imply physical or
architectural limitations to the manner in which different
illustrative embodiments may be implemented. Other com-
ponents in addition to, in place of, or both in addition to and
in place of the ones illustrated may be used. Some compo-
nents may be unnecessary in some illustrative embodiments.
Also, the blocks are presented to illustrate some functional
components. One or more of these blocks may be combined
or divided into different blocks when implemented in difter-
ent illustrative embodiments.

Turning now to FIG. 3, an illustration of a schematic circuit
diagram of a switch bridge for controlling current in a motor
is depicted in accordance with an illustrative embodiment. In
this example, switch bridge 300 is an example of one imple-
mentation of switch bridge 118 in FIG. 1 and switch bridge
204 in FIG. 2.

Switch bridge 300 is connected to DC power on line 302
and ground 304. Switch bridge 300 is configured to couple
DC power on line 302 to windings 306, windings 308, and
windings 310 of a motor.

In this example, the motor connected to switch bridge 300
is a three-phase motor comprising windings 306 for phase A,
windings 308 for phase B, and windings 310 for phase C. For
purposes of the present explanation, current in windings 306,
windings 308, and windings 310 in the direction indicated by
arrow 307, arrow 309, and arrow 311, respectively, may be
referred to as positive current or current in a positive direc-
tion. Current in windings 306, windings 308, and windings
310 in the direction opposite to arrow 307, arrow 309, and
arrow 311 may be referred to as negative current or current in
a negative direction.
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Switch bridge 300 comprises switching units 312, 314,
316, 318, 320, and 322 arranged to form three parallel half
H-bridges. Switching units 312, 314, 316, 318, 320, and 322
may be implemented using solid state circuit elements. For
example, without limitation, switching units 312, 314, 316,
318, 320, and 322 may be implemented using metal-oxide-
semiconductor field-effect transistors (MOSFETs), insu-
lated-gate bipolar transistors (IGBTs), or other transistors or
combinations of transistors. Switching units 312, 314, 316,
318, 320, and 322 may comprise switching devices config-
ured to conduct in a first direction when the switching devices
are closed and diodes are connected in parallel with the
switching devices and configured to conduct in a second
direction opposite to the first direction.

Switching unit 312 is connected between line 302 and
windings 306 for phase A. Switching unit 312 comprises
switch AH 324 and diode 326. Switch AH 324 conducts
current in the direction from line 302 to windings 306 when
closed. Diode 326 is parallel with switch AH 324 and con-
ducts current in the opposite direction of switch AH 324.

Switching unit 314 is connected between line 302 and
windings 308 for phase B. Switching unit 314 comprises
switch BH 328 and diode 330. Switch BH 328 conducts
current in the direction from line 302 to windings 308 when
closed. Diode 330 is parallel with switch BH 328 and con-
ducts current in the opposite direction of switch BH 328.

Switching unit 316 is connected between line 302 and
windings 310 for phase C. Switching unit 316 comprises
switch CH 332 and diode 334. Switch CH 332 conducts
current in the direction from line 302 to windings 310 when
closed. Diode 334 is parallel with switch CH 332 and con-
ducts current in the opposite direction of switch CH 332.

Switching unit 318 is connected between windings 306 for
phase A and ground 304. Switching unit 318 comprises
switch AL 336 and diode 338. Switch AL 336 conducts cur-
rent in the direction from windings 306 to ground 304 when
closed. Diode 338 is parallel with switch AL 336 and con-
ducts current in the opposite direction of switch AL 336.

Switching unit 320 is connected between windings 308 for
phase B and ground 304. Switching unit 320 comprises
switch BL 340 and diode 342. Switch BL 340 conducts cur-
rent in the direction from windings 308 to ground 304 when
closed. Diode 342 is parallel with switch BL 340 and con-
ducts current in the opposite direction of switch BL. 340.

Switching unit 322 is connected between windings 310 for
phase C and ground 304. Switching unit 322 comprises
switch CL 344 and diode 346. Switch CL 344 conducts cur-
rent in the direction from windings 310 to ground 304 when
closed. Diode 346 is parallel with switch CL 344 and con-
ducts current in the opposite direction of switch CL. 344.

In accordance with an illustrative embodiment, the
switches in switch bridge 300 may be controlled using
impulse width modulation to control the current in windings
306, windings 308, and windings 310. For an existing current
in either a positive or negative direction in one of windings
306, windings 308, or windings 310, switch bridge 300 may
be configured for driving the existing current from the DC
power on line 302, for coasting the existing current in switch
bridge 300, or for regenerating the existing current back to
line 302. Switch bridge 300 also may be controlled to reverse
the current in windings 306, windings 308, and windings 310
to change the quadrant of operation of the motor.

Switch bridge 300 is an example of a generic switch bridge
structure that is presented to more clearly describe the opera-
tion of various illustrative embodiments. The illustration of
FIG. 3 is not meant to imply physical or architectural limita-
tions to the manner in which a switch bridge in accordance
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with different illustrative embodiments may be implemented.
A switch bridge, in accordance with different illustrative
embodiments, may be implemented with combinations of
parts that are different from those illustrated for example in
FIG. 3.

For example, for a switch bridge implemented using
IGBTs, the diodes in the switching units of the switch bridge
may need to be provided as separate devices, because IGBTs
do not have body diodes. For a switch bridge implemented
using MOSFETs, the internal body diodes of the MOSFETs
may be used. With MOSFETs used for switches, separate
freewheeling diodes are not necessary. Separate diodes in
series with the MOSFET switches also are not necessary, but
may be used in some applications.

Turning to FIGS. 4-7, various configurations of switch
bridge 300 in FIG. 3 for driving, coasting, and regenerating
the current in the windings of a motor are depicted in accor-
dance with an illustrative embodiment. The example configu-
rations in FIGS. 4-7 are for driving, coasting, and regenerat-
ing the current in one set of windings of a motor operating in
a first quadrant of operation. Switching configurations of a
switch bridge for driving, coasting, and regenerating the cur-
rent in other windings of the motor and for other quadrants of
operation will be known to those skilled in the art based on the
detailed description and examples of illustrative embodi-
ments as presented herein.

Turning to FIG. 4, an illustration of a schematic circuit
diagram of a switch bridge for controlling current in a motor
in a driving configuration is depicted in accordance with an
illustrative embodiment. In this example, switch bridge 400 is
an example configuration of switch bridge 300 in FIG. 3.

In this example, the driving configuration for switch bridge
400 comprises closing switch AH 324 and switch BL. 340.
Closing switches AH 324 and BL 340 results in current 402
running from line 302 through closed switch AH 324, in the
positive direction of arrow 307 through windings 306 for
phase A, and through closed switch BL, 340 to ground 304.
Assuming an existing positive current in windings 306 in the
direction of arrow 307, current 402 will drive the existing
current in windings 306, thereby increasing the current in
windings 306. For example, without limitation, the driving
configuration for switch bridge 400 may be used in response
to an indication from a motor controller that the current in the
positive direction of arrow 307 in windings 306 should be
increased.

Turning now to FIG. 5, an illustration of a schematic circuit
diagram of a switch bridge for controlling current in a motor
in a first coasting configuration is depicted in accordance with
an illustrative embodiment. In this example, switch bridge
500 is another example configuration of switch bridge 300 in
FIG. 3.

In this example, switch AH 324 is closed to provide the
coasting configuration for switch bridge 500. Assuming an
existing positive current in windings 306 in the direction of
arrow 307, closing switch AH 324 creates a short circuit
through switch bridge 500 for the existing current in windings
306. The resulting current 502 in switch bridge 500 runs from
windings 306 through diode 330 in switching unit 314,
through closed switch AH 324, and back to windings 306 in
the positive direction of arrow 307. The existing current in
windings 306 may remain relatively constant with switch
bridge 500 in coasting configuration.

With switch bridge 500 in coasting configuration the exist-
ing current in windings 306 may decrease by a relatively
small amount due to resistance and similar losses in switch
bridge 500 and windings 306 windings and 308. For example,
without limitation, the coasting configuration for switch
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bridge 500 may be used in response to an indication from a
motor controller that the current in the positive direction of
arrow 307 in windings 306 should be maintained at the
present level.

Turning to FIG. 6, an illustration of a schematic circuit
diagram of a switch bridge for controlling current in a motor
in a second coasting configuration is depicted in accordance
with an illustrative embodiment. In this example, switch
bridge 600 is another example configuration of switch bridge
300 in FIG. 3.

In this example, switch BL. 340 is closed to provide the
coasting configuration for switch bridge 600. Assuming an
existing positive current in windings 306 in the direction of
arrow 307, closing switch BL. 340 creates a short circuit
through switch bridge 600 for the existing current in windings
306. The resulting current 602 in switch bridge 600 runs from
windings 306 through closed switch BL. 340, through diode
338 in switching unit 318, and back to windings 306 in the
positive direction of arrow 307. The existing current in wind-
ings 306 may remain relatively constant with switch bridge
600 in coasting configuration.

With switch bridge 600 in coasting configuration the exist-
ing current in windings 306 may decrease by a relatively
small amount due to resistance and similar losses in switch
bridge 600 and windings 306 and windings 308. For example,
without limitation, the coasting configuration for switch
bridge 600 may be used in response to an indication from a
motor controller that the current in the positive direction of
arrow 307 in windings 306 should be maintained at the
present level.

The coasting configurations of switch bridge 500 in FIG. 5
and switch bridge 600 in FIG. 6 are alternative configurations
for coasting a current in the positive direction of arrow 307 in
windings 306. In accordance with an illustrative embodi-
ment, both alternative configurations may be used during a
switching cycle in which coasting the positive current in the
direction of arrow 307 in windings 306 is called for. For
example, during a switching cycle in which coasting the
positive current in windings 306 is called for, switch AH 324
may be closed and switch BLL 340 opened to implement
coasting configuration for switch bridge 500 in FIG. 5 for a
portion of the switching cycle. Switch AH 324 then may be
opened and switch BL 340 closed to implement coasting
configuration for switch bridge 600 in FIG. 6, during another
portion of the switching cycle.

Switching between different coasting configurations in this
manner shares the burden of carrying the coasting current
between different components of the switch bridge each
switching cycle. Therefore, switching between different
coasting configurations in this manner may reduce undesired
heating of components in the switch bridge resulting from
carrying the coasting current.

Turning to FIG. 7, an illustration of a schematic circuit
diagram of a switch bridge for controlling current in a motor
in a regenerating configuration is depicted in accordance with
an illustrative embodiment. In this example, switch bridge
700 is another example configuration of switch bridge 300 in
FIG. 3.

In this example, the regenerating configuration of switch
bridge 700 comprises opening all of the switches in switch
bridge 700. Assuming an existing positive current in wind-
ings 306 in the direction of arrow 307, opening all of the
switches in switch bridge 700 will result in regenerating
current 702.

Regenerating current 702 runs in the direction from ground
304 through diode 338, in the positive direction of arrow 307
through windings 306, and through diode 330 to line 302.
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Regenerating current 702 returns the energy in windings 306
back to the DC power source via line 302, thereby decreasing
the current in windings 306. For example, without limitation,
the regenerating configuration for switch bridge 700 may be
used in response to an indication from a motor controller that
the current in the positive direction of arrow 307 in windings
306 should be decreased.

Turning to FIGS. 8-10, switch timing in various switching
cycles for controlling the switches in a switch bridge for
driving, coasting, and regenerating the current in the wind-
ings of a motor are depicted in accordance with an illustrative
embodiment. The example switching cycles in FIGS. 8-10 are
for driving, coasting, and regenerating the current in one set
of' windings of a motor operating in a first quadrant of opera-
tion. Switching cycles for controlling the switches in a switch
bridge for driving, coasting, and regenerating the current in
other windings of the motor and for other quadrants of opera-
tion will be known to those skilled in the art based on the
detailed description and examples of illustrative embodi-
ments as presented herein. References to particular switches
in FIGS. 8-10 are references to corresponding switches in
switch bridge 300 in FIG. 3.

Turning to FIG. 8, an illustration of switch timing for a
switching cycle providing driving and coasting current for a
motor is depicted in accordance with an illustrative embodi-
ment. In this example, switching cycle 800 may be an
example of one implementation of switching cycle 230
implemented in switch controller 232 for controlling the
switches in switch bridge 204 in FIG. 2 or in switch bridge
300 in FIG. 3.

Switching cycle 800 may be defined with reference to
triangle wave 802. The frequency of triangle wave 802 may
define the frequency of switching cycle 800. In accordance
with an illustrative embodiment, switches in a switch bridge
may be opened and closed during each switching cycle to
provide the desired driving, coasting, and regenerating cur-
rent for the windings of a motor, as defined by a motor
controller. Therefore, the frequency of triangle wave 802 also
may define the switching frequency of the switches in the
switch bridge. The frequency of triangle wave 802, and,
therefore, the frequency of switching cycle 800, may be
selected in any appropriate manner.

In this example, the position of line 804 with respect to
triangle wave 802 may define the timing of the switching of
switch AH in a switch bridge during switching cycle 800. For
example, switch AH may be closed at point 808, where tri-
angle wave 802 is falling and crosses line 804. Switch AH
may be opened at point 810, where triangle wave 802 is rising
and crosses line 804. Similarly, the position of line 806 with
respect to triangle wave 802 may define the timing of the
switching of switch BL in the switch bridge during switching
cycle 800. For example, switch BL. may be opened at point
812, where triangle wave 802 is falling and crosses line 806.
Switch BL may be closed at point 814, where triangle wave
802 is rising and crosses line 806.

As will be seen, the positions of line 804 and line 806 with
respect to triangle wave 802 may define how much time
during each switching cycle a switch bridge is configured for
driving, coasting, or regenerating current in the windings of'a
motor. Therefore, the positions of line 8§04 and line 806 with
respect to triangle wave 802 may be adjusted by a motor
controller as appropriate to achieve the desired current in the
motor windings. For example, without limitation, the posi-
tions of line 804 and line 806 with respect to triangle wave
802 may be adjusted in response to the output from a feedback
controller, such as from feedback controller 210 in FIG. 2.
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In this example, a complete period of switching cycle 800
may run from time t, to time t. During time period 816, from
timet, to timet,, switch BL in the switch bridge is closed and
switch AH in the switch bridge is open. Therefore, during
time period 816, the switch bridge may be configured for
coasting current as illustrated in FIG. 6. Switch AH is closed
attimet,. During time period 818, from time't, to time t;, both
switch BL and switch AH are closed. Therefore, during time
period 818, the switch bridge may be configured for driving
current as illustrated in FIG. 4.

Switch BL is opened at time t;. During time period 820,
from time t; to time t,, switch BL is open and switch AH is
closed. Therefore, during time period 820, the switch bridge
may be configured for coasting current as illustrated in FIG. 5.
Attimet,, switch BL is closed again. During time period 822,
from time t, to time t5, both switch BL and switch AH are
closed and the switch bridge is again configured for driving as
in time period 818. At time t,, switch AH is opened. During
time period 824, from time t5 to time t4, switch BL is closed
and switch AH is open and the switch bridge is again config-
ured for coasting as in time period 816.

In this example, the switch bridge is configured for driving
current for approximately half of the time during switching
cycle 800. During the other half of the time during switching
cycle 800 the switch bridge is configured for coasting. There-
fore, for example, without limitation, the duty cycle for
switching cycle 800 may be referred to as a 50% duty cycle or
a +50% duty cycle.

The output from a feedback controller may define the
desired duty cycle for switching of the switches in a switch
bridge as a single signed value in the range from 1 to -1. In
this case, for example, without limitation, the switches in the
switch bridge may be controlled as described for switching
cycle 800 in response to an output value of 0.5 from the
feedback controller.

Turning to FIG. 9, an illustration of switch timing for a
switching cycle providing only coasting current for a motor is
depicted in accordance with an illustrative embodiment. In
this example, switching cycle 900 may be an example of one
implementation of switching cycle 230 implemented in
switch controller 232 for controlling the switches in switch
bridge 204 in FIG. 2 or in switch bridge 300 in FIG. 3.

In this example, both line 804, defining the timing of the
switching of switch AH in the switch bridge, and line 806,
defining the timing of the switching of switch BL in the
switch bridge, are positioned halfway between the peaks of
triangle wave 802. In this case, switch BL is opened at the
same time that switch AH is closed and switch AH is opened
at the same time that switch BL is closed during switching
cycle 900. Each switch AH and BL is opened and closed one
time during the period of switching cycle 900.

Therefore, in this example, switch BL is closed and switch
AH is open for approximately half of the time during switch-
ing cycle 900. During this time, the switch bridge may be
configured for coasting current as illustrated in FIG. 6. Switch
BL is open and switch AH is closed for the other half of the
time during switching cycle 900. During this time the switch
bridge may be configured for coasting current as illustrated in
FIG. 5.

The switch bridge is thus configured for coasting current
for approximately all of the time during switching cycle 900.
Therefore, for example, without limitation, the duty cycle for
switching cycle 900 may be referred to as a 0% duty cycle.
The output from a feedback controller may define the desired
duty cycle for switch bridge switching as a single signed
value in the range from 1 to -1. In this case, for example,
without limitation, the switches in the switch bridge may be
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controlled as described for switching cycle 900 in response to
an output value of 0 from the feedback controller.

Turning to FIG. 10, an illustration of switch timing for a
switching cycle providing coasting and regenerating current
for a motor is depicted in accordance with an illustrative
embodiment. In this example, switching cycle 1000 may be
another example of one implementation of switching cycle
230 implemented in switch controller 232 for controlling the
switches in switch bridge 204 in FIG. 2 or in switch bridge
300 in FIG. 3. As in previous examples, the positions of lines
804 and 806 with respect to triangle wave 802 may define the
timing of the switching of switches AH and BL, respectively,
in a switch bridge during switching cycle 1000.

Inthis example, a complete period of switching cycle 1000
may run from time t; to time t;. During time period 1002,
from time t; to time t,, switch BL in the switch bridge is
closed and switch AH in the switch bridge is open. Therefore,
during time period 1002 the switch bridge may be configured
for coasting current as illustrated in FIG. 6. Switch BL is
opened at time t,, when triangle wave 802 is falling and
crosses line 806.

During time period 1004, from time t, to time t;, both
switch BL and switch AH are open. Therefore, during time
period 1004 the switch bridge may be configured for regen-
erating current as illustrated in FIG. 7. Switch AH is closed at
timet,, when triangle wave 802 is falling and crosses line 804.
During time period 1006, from time t; to time t,,, switch BL is
open and switch AH is closed. Therefore, during time period
1006 the switch bridge may be configured for coasting cur-
rent as illustrated in FIG. 5. At time t,, switch AH is opened
when triangle wave 802 is rising and crosses line 804. During
time period 1008, from time t, to time t5, both switch BL. and
switch AH are open and the switch bridge is again configured
for regenerating as in time period 1004.

In this example, the switch bridge is configured for regen-
erating current for approximately half of the time during
switching cycle 1000. During the other halfof the time during
switching cycle 1000, the switch bridge is configured for
coasting. Regenerating current is in the opposite direction to
driving current in a motor. Therefore, for example, without
limitation, the duty cycle for switching cycle 1000 may be
referred to as a —=50% duty cycle.

The output from a feedback controller may define the
desired duty cycle for the switching of the switch bridge as a
single signed value in the range from 1 to -1. In this case, for
example, without limitation, the switches in the switch bridge
may be controlled as described for switching cycle 1000 in
response to an output value of -0.5 from the feedback con-
troller.

Turning to FIG. 11, an illustration of switch timing for a
switching cycle providing only regenerating current for a
motor is depicted in accordance with an illustrative embodi-
ment. In this example, switching cycle 1100 may be another
example of one implementation of switching cycle 230
implemented in switch controller 232 for controlling the
switches in switch bridge 204 in FIG. 2 or switch bridge 300
in FIG. 3.

The example switching cycles in FIGS. 8-10 are for con-
trolling the current in one set of windings of a motor operating
in the first quadrant of operation. In contrast, switching cycle
1100 is an example of a switching cycle for controlling the
current in the same set of windings of the motor when the
motor is operating in the fourth quadrant of operation.

The directions of currents in the windings for driving,
coasting, and regenerating in the fourth quadrant of operation
may be opposite to the directions of the currents in the wind-
ings for driving, coasting, and regenerating in the first quad-



US 9,136,782 B2

17

rant of operation. Therefore, the switches in the switch bridge
that are controlled during a switching cycle in the fourth
quadrant of operation may be different from the switches in
the switch bridge that are controlled during a switching cycle
in the first quadrant of operation to provide the desired driv-
ing, coasting, and regenerating currents for motor operation
in the fourth quadrant that are in the opposite direction to the
currents for motor operation in the first quadrant.

For example, in FIGS. 8-10 switches AH and BL in a
switch bridge are controlled during a switching cycle to con-
trol the current in the motor windings for a motor operating in
the first quadrant. In contrast, switches ALL and BH in the
switch bridge are controlled during switching cycle 1100 to
control the current in the same windings for the motor oper-
ating in the fourth quadrant.

In this example, the position of line 1104 with respect to
triangle wave 802 may define the timing of the switching of
switch AL in the switch bridge during switching cycle 1100.
For example, switch AL, may be closed when triangle wave
802 is falling and crosses line 1104 and may be opened when
triangle wave 802 is rising and crosses line 1104. Similarly,
the position of line 1106 with respect to triangle wave 802
may define the timing of the switching of switch BH in the
switch bridge during switching cycle 1100. For example,
switch BH may be closed when triangle wave 802 is climbing
and crosses line 1106 and may be opened when triangle wave
802 is falling and crosses line 1106.

The positions of line 1104 and line 1106 with respect to
triangle wave 802, thus, may define how much time during
each switching cycle the switch bridge is configured for driv-
ing, coasting, or regenerating current in the windings of a
motor. Therefore, the positions of line 1104 and line 1106
with respect to triangle wave 802 may be adjusted by a motor
controller as appropriate to achieve the desired current in the
motor windings. For example, without limitation, the posi-
tions of line 1104 and line 1106 with respect to triangle wave
802 may be adjusted in response to the output from a feedback
controller, such as from feedback controller 210 in FIG. 2.

In this example, line 1104 and line 1106 are positioned at
opposite peaks of triangle wave 802 such that triangle wave
802 never crosses lines 1104 and 1106. In this case, switches
AL and BH may both remain open throughout switching
cycle 1100. Therefore, the switch bridge may be configured
for providing only regenerating current in the motor windings
for all of switching cycle 1100.

Currents in the motor windings during operation of the
motor in the fourth quadrant of operation are in the opposite
direction to currents in the motor windings during operation
of the motor in the first quadrant of operation. Therefore,
regenerating current in the windings during operation of the
motor in the fourth quadrant of operation is in the same
direction as driving current in the windings during operation
of the motor in the first quadrant of operation. Therefore, for
example, without limitation, the duty cycle for switching
cycle 1100, in which the switch bridge is configured for
regenerating current in the motor windings for approximately
all of the time of switching cycle 1100, may be referred to as
a 100% duty cycle.

The output from a feedback controller may define the
desired duty cycle for switching of the switches in a switch
bridge as a single signed value in the range from 1 to -1. In
this case, for example, without limitation, the switches in the
switch bridge may be controlled as described for switching
cycle 1100 during operation of a motor in the fourth quadrant
of operation in response to an output value of 1 from the
feedback controller.
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Turning to FIG. 12, an illustration of the quadrants of
operation of a motor are depicted in accordance with an
illustrative embodiment. In this example, quadrants of opera-
tion 1200 of a motor may be examples of quadrants of opera-
tion of motor 101 in FIG. 1. Quadrants of operation 1200 may
be defined with reference to the rotation rate of the motor and
the current in the motor windings.

In this example, the rotation rate of the motor is identified
with reference to horizontal axis 1202. For example, without
limitation, the rotation rate of the motor may be the speed of
the rotor expressed in revolutions per minute, RPM, or using
any other appropriate units for indicating how fast the rotor is
spinning.

The rotation rate of the motor at point 1206 on horizontal
axis 1202 is zero. Therefore, point 1206 on horizontal axis
1202 corresponds to no rotation of the motor in either direc-
tion.

Points to the right of point 1206 on horizontal axis 1202
correspond to rotation of the motor in a first direction of
rotation. Points further to the right of point 1206 on horizontal
axis 1202 correspond to faster rotation of the motor in the first
direction of rotation. For example, without limitation, points
to the right of point 1206 on horizontal axis 1202 may corre-
spond to rotation of the motor in a clockwise direction. Points
to the right of point 1206 on horizontal axis 1202 may be
identified by positive numbers. Therefore, rotation of the
motor in the first direction of rotation may be referred to as
positive rotation.

Points to the left of point 1206 on horizontal axis 1202
correspond to rotation of the motor in a second direction of
rotation. Points further to the left of point 1206 on horizontal
axis 1202 correspond to faster rotation of the motor in the
second direction of rotation. The second direction of rotation
may be referred to as the opposite direction of rotation with
respect to the first direction of rotation.

Similarly, the first direction of rotation may be referred to
as the opposite direction of rotation with respect to the second
direction of rotation. For example, without limitation, points
to the left of point 1206 on horizontal axis 1202 may corre-
spond to rotation of the motor in a counter-clockwise direc-
tion. Points to the left of point 1206 on horizontal axis 1202
may be identified by negative numbers. Therefore, rotation of
the motor in the second direction of rotation may be referred
to as negative rotation.

In this example, the current in the windings of the motor is
identified with reference to vertical axis 1207. For example,
without limitation, the current in the motor windings may be
identified using any appropriate units of current. The direc-
tion and magnitude of torque produced by the motor may vary
directly with the direction and magnitude of current in the
motor windings. Therefore, the current in the motor windings
also may be identified using any appropriate units of torque.
In this case, the torque produced by the motor may be iden-
tified with reference to vertical axis 1207 and quadrants of
operation 1200 may be defined with reference to the rotation
rate of the motor and the torque produced by the motor.

The current in the motor windings and torque produced by
the motor at point 1206 on vertical axis 1207 is zero. There-
fore, point 1206 on vertical axis 1207 corresponds to no
current in the motor windings in either direction and no torque
produced by the motor in either direction.

Points above point 1206 on vertical axis 1207 correspond
to current in the motor windings in a first current direction and
torque produced by the motor in the first direction of rotation.
Points further above point 1206 on vertical axis 1207 corre-
spond to greater magnitudes of current in the first current
direction and greater torque in the first direction of rotation.
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For example, without limitation, points above point 1206 on
vertical axis 1207 may correspond to torque in the clockwise
direction. Points above point 1206 on vertical axis 1207 may
be identified by positive numbers. Therefore, current in the
first current direction may be referred to as positive current or
current in a positive direction and torque in the first direction
of rotation may be referred to as positive torque.

Points below point 1206 on vertical axis 1207 correspond
to current in the motor windings in a second current direction
and torque produced by the motor in the second direction of
rotation. Points further above point 1206 on vertical axis 1207
correspond to greater magnitudes of current in the second
current direction and greater torque in the second direction of
rotation. The second current direction may be referred to as
the opposite direction of current with respect to the first
current direction.

Similarly, the first current direction may be referred to as
the opposite direction of current with respect to the second
current direction. For example, without limitation, points
below point 1206 on vertical axis 1207 may correspond to
torque in the counter-clockwise direction. Points below point
1206 on vertical axis 1207 may be identified by negative
numbers. Therefore, current in the second current direction
may be referred to as negative current or current in a negative
direction and torque in the second direction of rotation may be
referred to as negative torque.

A motor may be operating in quadrant 1 1208 when the
motor is rotating in the first direction of rotation and the
current in the windings of the motor is in the first current
direction to produce torque in the first direction of rotation.
Therefore, in this example, operation of the motor in quadrant
1 1208 may be characterized by positive rotation, positive
current, and positive torque.

The motor may be operating in quadrant 2 1210 when the
motor is rotating in the second direction of rotation and the
current in the windings of the motor is in the first current
direction to produce torque in the first direction of rotation.
Therefore, in this example, operation of the motor in quadrant
2 1210 may be characterized by negative rotation, positive
current, and positive torque.

The motor may be operating in quadrant 3 1212 when the
motor is rotating in the second direction of rotation and the
current in the windings of the motor is in the second current
direction to produce torque in the second direction of rotation.
Therefore, in this example, operation of the motor in quadrant
3 1212 may be characterized by negative rotation, negative
current, and negative torque.

The motor may be operating in quadrant 4 1214 when the
motor is rotating in the first direction of rotation and the
current in the windings of the motor is in the second current
direction to produce torque in the second direction of rotation.
Therefore, in this example, operation of the motor in quadrant
4 1214 may be characterized by positive rotation, negative
current, and negative torque.

In quadrant 1 1208 and quadrant 3 1212 the current in the
motor windings produces torque that is in the same direction
as the direction of rotation of the motor. Therefore, in quad-
rant 1 1208 and quadrant 3 1212 the torque produced by the
motor supports the rotation of the motor. Operation of the
motor in quadrant 1 1208 and quadrant 3 1212 may be
referred to as traction. The directions of rotation of a motor
operating in quadrant 1 1208 and quadrant 3 1212 are
reversed. Therefore, quadrant 3 1212 may be referred to as a
reverse traction quadrant of operation with respect to quad-
rant 1 1208. Quadrant 1 1208 may be referred to as a reverse
traction quadrant of operation with respect to quadrant 3
1212.
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In quadrant 2 1210 and quadrant 4 1214, the current in the
motor windings produces torque that is in the direction oppo-
site to the direction of rotation of the motor. Therefore, in
quadrant 2 1210 and quadrant 4 1214, the torque produced by
the motor opposes the rotation of the motor. Operation of the
motor in quadrant 2 1210 and quadrant 4 1214 may be
referred to as braking.

In one example, line 1216 illustrates the changing rate of
rotation, winding current, and torque of a motor as the motor
is operated in several quadrants of operation 1200. Operation
of the motor may begin in quadrant 1 1208. Line segment
1218 indicates an initial relatively large increase in the current
in the motor windings in the positive direction. This relatively
large increase in current produces a corresponding large
increase in torque in the first direction of rotation, causing the
motor to begin rotating in the first direction of rotation.

Line segment 1220 indicates that the positive current in the
windings, and thus the torque in the first direction of rotation,
may be maintained to accelerate the rate of rotation of the
motor in the first direction of rotation to a desired coasting
speed. Line segment 1220 indicates that the magnitude of the
positive current, and thus the torque produced in the first
direction of rotation, may be reduced gradually after rotation
of the motor is started and as the rate of rotation of the motor
is accelerated to the desired coasting speed. Line segment
1222 indicates that the magnitude of the positive current in
the motor windings, and thus the torque produced in the first
direction of rotation, may be reduced further as the rate of
rotation of the motor is maintained at the desired coasting
speed.

At point 1224, operation of the motor changes from quad-
rant 1 1208 to quadrant 4 1214. Line segment 1226 indicates
arelatively large increase in the current in the motor windings
in the negative direction. This relatively large increase in
negative current produces a corresponding large increase in
torque in the second direction of rotation. The torque pro-
duced by the motor now opposes the rotation of the motor,
causing the motor to begin braking.

Line segment 1228 indicates that the negative current in the
windings, and thus the torque in the second direction of
rotation, is maintained to reduce the rate of rotation of the
motor in the first direction of rotation. Line segment 1228
indicates that the magnitude of the negative current, and thus
the torque produced in the second direction of rotation, may
be reduced gradually during braking as the rate of rotation of
the motor is reduced.

At point 1230, the operation of the motor changes from
quadrant 4 1214 to quadrant 3 1212. At point 1230, the direc-
tion of rotation of the motor is reversed from the first direction
of rotation to the second direction of rotation. Line segment
1232 indicates that the negative current in the motor wind-
ings, and thus the torque produced in the second direction of
rotation, may be maintained to accelerate the rate of rotation
of the motor in the second direction of rotation.

Turning to FIG. 13, an illustration of a block diagram of an
undesired condition identifier and an undesired condition
reducer for reducing instability in the current in a motor is
depicted in accordance with an illustrative embodiment.
Undesired condition identifier 1300 and undesired condition
reducer 1302 may be examples of implementations of undes-
ired condition identifier 240 and undesired condition reducer
254, respectively, in FIG. 2.

Undesired condition identifier 1300 is configured to iden-
tify undesired condition 1304 when voltage 1306 across
windings 1308 is greater than first voltage threshold 1310.
Voltage 1306 across windings 1308 may be identified using
an appropriate voltage sensor 1312. First voltage threshold
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1310 may be defined with respect to output voltage 1314 of
power source 1316. For example, without limitation, first
voltage threshold 1310 may be approximately equal to output
voltage 1314 of power source 1316. Output voltage 1314 of
power source 1316 may be identified using appropriate volt-
age sensor 1318.

Undesired condition identifier 1300 also may be config-
ured to identify when voltage 1306 across windings 1308 is
less than second voltage threshold 1320. Second voltage
threshold 1320 is lower than first voltage threshold 1310.

Undesired condition reducer 1302 may include switch
1322 and resistor 1324. Switch 1322 may be an appropriate
solid state switch. Undesired condition reducer 1302 may be
configured to close switch 1322 to direct current 1326 in
windings 1308 to ground through resistor 1324 in response to
undesired condition 1304 identified by undesired condition
identifier 1300. Undesired condition reducer 1302 may be
configured to open switch 1322, to cease directing current
1326 through resistor 1324 to ground 1328, when voltage
1306 across windings 1308 is lower than second voltage
threshold 1320.

Resistor 1324 may comprise variable resistor 1330. In this
case, resistance 1332 ofresistor 1324 may be set by resistance
selector 1334 based on level 1336 of current 1326 in windings
1308. For example, a higher resistance 1332 may be selected
by resistance selector 1334 in response to a higher level 1336
of current 1326 in windings 1308. Level 1336 of current 1326
in windings 1308 may be identified using an appropriate
current sensor 1338.

Variable resistor 1330 may comprise a plurality of resis-
tors. In this case, resistance selector 1334 may select a num-
ber of the plurality of resistors in variable resistor 1330 to
provide appropriate resistance 1332 based on temperatures of
the plurality of resistors to prevent overheating of the resistors
in variable resistor 1330. The temperatures of the resistors in
variable resistor 1330 may be determined using appropriate
temperature sensors 1340.

Turning to FIG. 14, an illustration of a schematic circuit
diagram of a switch bridge and a switch and resistor for
directing current in a motor winding to ground is depicted in
accordance with an illustrative embodiment. Switch 1402 and
resistor 1404 may be examples of switch 1322 and resistor
1324, respectively, in FIG. 13.

In this example, switch bridge 1400 is configured to couple
winding 1406 of a motor to a power source connected
between terminal 1408 and ground 1410. Current in winding
1406 is directed to ground 1410 via resistor 1404 when switch
1402 is closed. Diode 1412 is connected between switch
bridge 1400 and switch 1402 to prevent shorting of the power
source through switch 1402 when switch 1402 is closed.

Turning to FIG. 15, an illustration of a schematic circuit
diagram of a discrete valued variable resistor is depicted in
accordance with an illustrative embodiment. Variable resistor
1500 is an example of one implementation of variable resistor
1330 in FIG. 13.

Variableresistor 1500 comprises four resistors 1502, 1504,
1506, and 1508 connected in parallel. Switches 1510, 1512,
1514, and 1516 are connected in series with resistors 1502,
1504, 1506, and 1508, respectively. A variable resistor in
accordance with an illustrative embodiment may have more
or fewer than four resistors and switches. The resistance of
resistors 1502, 1504, 1506, and 1508 may be the same or
different. The resistance of variable resistor 1500 is selected
by closing appropriate ones of switches 1510, 1512, 1514,
and 1516.

Turning to FIG. 16, an illustration of a block diagram of a
resistance selector is depicted in accordance with an illustra-
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tive embodiment. Resistance selector 1600 is an example of
one implementation of resistance selector 1334 in FIG. 13. In
this example, resistance selector 1600 is configured for
selecting the resistance provided by variable resistor 1500 in
FIG. 15.

Resistance selector 1600 may be configured to determine
selected resistance 1602 based on the difference between
commanded current 1604 and actual current 1606 in the
windings of a motor. Selected resistance 1602 may be pro-
vided to resistor switch controller 1608. Resistor switch con-
troller 1608 may be configured to generate control signals
1610 for controlling switches to select a number of resistors in
a variable resistor comprising a plurality of resistors con-
nected in parallel.

Resistor switch controller 1608 may be configured to use
temperature information 1612 for the plurality of resistors in
the variable resistor to select which of the plurality of resistors
should be used to provide selected resistance 1602. Tempera-
ture information 1612 may be used to select the resistors to be
used to prevent overheating of the resistors in the variable
resistor. Temperature information 1612 may be used to iden-
tify resistors in the variable resistor that should or should not
be used based on risk of overheating, and thus may affect
available resistance 1614 of the variable resistor. Available
resistance 1614 may be provided to resistance selector 1600
and used by resistance selector 1600 to determine selected
resistance 1602.

Turning to FIG. 17, an illustration of current in the wind-
ings of a motor is depicted in accordance with an illustrative
embodiment. For example, line 1700 may indicate current
1326 in windings 1308 in FIG. 13.

In this example, a motor is operating in Quadrant 1 from
time O to time t1. In Quadrant 1 the motor is driving and the
current in the motor is positive. At time tl1 the motor is
instructed to begin braking. In response, the motor controller
controls the switching bridge to reverse the current in the
motor windings. As a result, at time t2 the motor begins
operating in Quadrant 4. In Quadrant 4 the motor is regener-
ating and the current in the motor is negative.

When the motor is regenerating in Quadrant 4 the voltage
across the motor windings climbs higher than the power
supply voltage at time t3, resulting in an undesired current
spike 1706. In accordance with an illustrative embodiment,
the undesired condition of the voltage across the motor wind-
ings climbing higher than the power supply voltage may be
identified at time t3 and the current in the windings may be
directed through a resistor to ground in response. In this case,
the current in the windings remains well controlled, as indi-
cated by line segment 1708.

Turning to FIG. 18, an illustration of a flowchart of a
process for reducing instability in a motor is depicted in
accordance with an illustrative embodiment. For example,
process 1800 may be performed by undesired condition iden-
tifier 1300 and undesired condition reducer 1302 in FIG. 13.

Process 1800 may begin by identifying the output voltage
of a power source (operation 1802). The voltage across the
motor windings of a motor being powered by the power
source is also identified (operation 1804). It is then deter-
mined whether the voltage across the motor windings is
greater than the output voltage of the power source (operation
1806). Process 1800 may repeat identifying the output volt-
age of the power source at operation 1802 and identifying the
voltage across the motor windings at operation 1804 until a
determination is made at operation 1806 that the voltage
across the motor windings is greater than the output voltage of
the power source.
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In response to a determination that the voltage across the
windings is greater than the output voltage of the power
source, the current in the motor windings is directed to ground
via a resistor (operation 1808). It then is determined whether
the voltage across the motor windings is less than a second
voltage threshold (operation 1810). Current in the motor
windings may continue to be directed to ground via the resis-
tor at operation 1808 until it is determined at operation 1810
that the voltage across the motor windings is less than the
second voltage threshold. The second voltage threshold may
be less than the output voltage of the power source. For
example, without limitation, the second voltage threshold
may be approximately 20 volts less than the output voltage of
the power source or less than the output voltage of the power
source by any other appropriate amount. The directing of the
current in the motor windings to ground may cease (operation
1812) when the voltage across the motor windings is deter-
mined to be less than the second voltage threshold, with the
process terminating thereafter.

Turning to FIG. 19, an illustration of a flowchart of a
process for selecting the resistance of a variable resistor is
depicted in accordance with an illustrative embodiment. For
example, process 1900 may be performed by resistance selec-
tor 1334 in FIG. 13.

Process 1900 may begin by identifying a level of current in
the windings of a motor (operation 1902). The temperatures
of a plurality of resistors in a variable resistor may be identi-
fied (operation 1904). A number of the plurality of resistors in
the variable resistor is then selected based on the level of
current in the motor windings and the temperatures of the
resistors (operation 1906), with the process terminating
thereafter.

Turning to FIG. 20, an illustration of a block diagram of an
undesired condition identifier and an undesired condition
reducer for protecting a power source from undesired current
during operation of a motor is depicted in accordance with an
illustrative embodiment. Undesired condition identifier 2000
and undesired condition reducer 2002 are examples of one
implementation of undesired condition identifier 240 and
undesired condition reducer 254, respectively, in FIG. 2.

Undesired condition identifier 2000 is configured to iden-
tify undesired condition 2004 wherein the flow of current
between a motor and power source 2006 is greater than cur-
rent limit 2008 for power source 2006. For example, undes-
ired condition 2004 may be identified when commanded cur-
rent 2010 for the windings of the motor is greater than current
limit 2008. For example, without limitation, commanded cur-
rent 2010 may be determined at block 2012 based on the
difference between commanded rotation 2014 for the motor
and actual rotation 2016 for the motor.

Undesired condition reducer 2002 is configured to control
duty cycle 2018 for controlling the motor such that the current
between the motor and power source 2006 does not exceed
current limit 2008 of power source 2006. For example, duty
cycle 2018 may be determined at block 2020 based on the
difference between commanded current 2022 and actual cur-
rent 2024 in the windings of the motor. Undesired condition
reducer 2002 may set commanded current 2022 based on
current limit 2008 in response to undesired condition 2004
identified by undesired condition identifier 2000. Otherwise,
commanded current 2010 may be used to determine duty
cycle 2018.

Current limit 2008 of power source 2006 may be variable
2026. For example, power source 2006 may comprise battery
2028. In this case, value 2030 for current limit 2008 may be
determined using feedback from cell balancer circuit 2032 for
battery 2028.
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Turning to FIG. 21, an illustration of a waveform diagram
current control for protecting a power source from undesired
current during operation of a motor is depicted in accordance
with an illustrative embodiment. In this example, line 2100
indicates the commanded current for the windings of a motor
and line 2102 indicates the actual current in the windings of
the motor.

Before time 0 the motor is driving and the duty cycle for the
motor is maintained approximately steady at about ten per-
cent. At time 0, the motor is commanded to brake hard. In
response, the commanded current reverses direction. The
duty cycle is changed to 100 percent in the reverse direction,
to change the direction of the current in the windings as
quickly as possible. In this example, the commanded current
is limited to the current limit of the power source for the
motor.

Dashed line segment 2104 indicates that the magnitude of
the command current would be larger if it was not limited by
the current limit of the power source. In this case, the mag-
nitude of the current in the windings would exceed the current
limit of the power supply, as shown by dashed line segment
2106.

Turning to FIG. 22, an illustration of a flowchart of a
process for protecting a power source from undesired current
during operation of a motor is depicted in accordance with an
illustrative embodiment. For example, process 2200 may be
performed by undesired condition identifier 2000 and undes-
ired condition reducer 2002 in FIG. 20.

Process 2200 may begin by identifying a commanded cur-
rent for the motor (operation 2202). A current limit of the
power source also is identified (operation 2204). It then is
determined whether the commanded current is greater than
the current limit of the power source (operation 2206). The
commanded current is set equal to the current limit of the
power source (operation 2208) in response to determining at
operation 2206 that the commanded current identified in
operation 2202 is greater than the current limit of the power
source. The duty cycle for controlling the current in the motor
windings is then controlled using the commanded current
(operation 2210), with the process terminating thereafter.

The different illustrative embodiments can take the form of
an entirely hardware embodiment, an entirely software
embodiment, or an embodiment containing both hardware
and software elements. Some embodiments are implemented
in software, which includes, but is not limited to, forms such
as, for example, without limitation, firmware, resident soft-
ware, and microcode.

Furthermore, the different embodiments can take the form
of a computer program product accessible from a computer
usable or computer readable medium providing program
code for use by, or in connection with, a computer or any
device or system that executes instructions. For the purposes
of this disclosure, a computer usable or computer readable
medium can generally be any tangible apparatus that can
contain, store, communicate, propagate, or transport the pro-
gram for use by or in connection with the instruction execu-
tion system, apparatus, or device.

The computer usable or computer readable medium can be,
for example, without limitation, an electronic, magnetic, opti-
cal, electromagnetic, infrared, or semiconductor system, or a
propagation medium. Non-limiting examples of a computer
readable medium include a semiconductor or solid state
memory, magnetic tape, a removable computer diskette, a
random access memory (RAM), aread-only memory (ROM),
a rigid magnetic disk, and an optical disk. Optical disks may
include compact disk-read only memory (CD-ROM), com-
pact disk-read/write (CD-R/W), and DVD.
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Further, a computer usable or computer readable medium
may contain or store a computer readable or computer usable
program code such that when the computer readable or com-
puter usable program code is executed on a computer, the
execution of this computer readable or computer usable pro-
gram code causes the computer to transmit another computer
readable or computer usable program code over a communi-
cations link. This communications link may use a medium
that is, for example, without limitation, physical or wireless.

A data processing system suitable for storing and/or
executing computer readable or computer usable program
code will include one or more processors coupled directly or
indirectly to memory elements through a communications
fabric, such as a system bus. The memory elements may
include local memory employed during actual execution of
the program code, bulk storage, and cache memories which
provide temporary storage of at least some computer readable
or computer usable program code to reduce the number of
times code may be retrieved from bulk storage during execu-
tion of the code.

Input/output, or I/O, devices can be coupled to the system
either directly or through intervening I/O controllers. These
devices may include, for example, without limitation, key-
boards, touch screen displays, and pointing devices. Different
communications adapters may also be coupled to the system
to enable the data processing system to become coupled to
other data processing systems or remote printers or storage
devices through intervening private or public networks. Non-
limiting examples such as modems and network adapters are
just a few of the currently available types of communications
adapters.

The description of the different illustrative embodiments
has been presented for purposes of illustration and descrip-
tion, and is not intended to be exhaustive or limited to the
embodiments in the form disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art.
Further, different illustrative embodiments may provide dif-
ferent features as compared to other illustrative embodi-
ments. The embodiment or embodiments selected are chosen
and described in order to best explain the principles of the
embodiments, the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for
various embodiments with various modifications as are suited
to the particular use contemplated.

What is claimed is:

1. An apparatus, comprising:

a motor comprising windings;

a switch bridge comprising a plurality of switches config-

ured to couple a power source to the windings;

a motor controller configured to control the plurality of

switches;

an undesired condition identifier configured to identify an

undesired condition in the apparatus when the motor is
providing power to the power source, wherein the undes-
ired condition is identified when a voltage across the
windings is greater than a first voltage threshold defined
with respect to an output voltage of the power source,
wherein the undesired condition is defined with respect
to a characteristic of the power source; and

an undesired condition reducer configured to reduce the

undesired condition by directing a current in the wind-
ings to ground via a resistor in response to identifying
the undesired condition in the apparatus by the undes-
ired condition identifier.

2. The apparatus of claim 1, wherein the first voltage
threshold is approximately equal to the output voltage of the
power source.
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3. The apparatus of claim 1, wherein:

the undesired condition identifier is further configured to
identify when the voltage across the windings is less
than a second voltage threshold, wherein the second
voltage threshold is lower than the first voltage thresh-
old; and

the undesired condition reducer is configured to cease

directing the current in the windings to ground in
response to identifying when the voltage across the
windings is less than the second voltage threshold.

4. The apparatus of claim 1, wherein:

the resistor is a variable resistor; and

the undesired condition reducer is further configured to

select a resistance of the variable resistor in response to
a level of the current in the windings.

5. The apparatus of claim 4, wherein:

the resistor comprises a plurality of resistors in parallel;

and

the undesired condition reducer is further configured to

select a number of resistors in the plurality of resistors
through which the current in the windings is directed to
ground based on temperatures of the plurality of resis-
tors.

6. The apparatus of claim 1, wherein:

the motor controller is configured to control a duty cycle

during which a number of the plurality of switches in the
switch bridge is closed to provide a current between the
power source and the windings in response to a com-
manded current;

in being configured to identify the undesired condition in

the apparatus when the motor is providing the power to
the power source, the undesired condition identifier is
configured to identify the undesired condition in the
apparatus when the commanded current is greater than a
current limit for the power source; and

in being configured to reduce the undesired condition in

response to identifying the undesired condition in the
apparatus, the undesired condition reducer is configured
to set the commanded current based on the current limit
for the power source when the commanded current is
greater than the current limit for the power source.

7. The apparatus of claim 6, wherein:

the current limit for the power source is variable;

the power source comprises a battery; and

the undesired condition identifier is further configured to

select a value for the current limit based on feedback
from a cell balancer circuit for the battery.
8. The apparatus of claim 1, wherein the apparatus is on an
aircraft.
9. A method of controlling a motor, comprising:
controlling a plurality of switches in a switch bridge to
couple a power source to windings of the motor;

determining whether a voltage across the windings is
greater than a first voltage threshold, wherein the first
voltage threshold is defined with respect to an output
voltage of the power source; and

directing a current in the windings to ground via a resistor

in response to a determination that the voltage across the
windings is greater than the first voltage threshold.

10. The method of claim 9, wherein the first voltage thresh-
old is substantially equal to the output voltage of the power
source.

11. The method of claim 9 further comprising:

determining when the voltage across the windings is less

than a second voltage threshold, wherein the second
voltage threshold is lower than the first voltage thresh-
old; and
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ceasing directing the current in the windings to ground in
response to determining when the voltage across the
windings is less than the second voltage threshold.

12. The method of claim 9, wherein the resistor is a variable

resistor.

13. The method of claim 12 further comprising:

selecting a resistance for the variable resistor in response to
a level of the current in the windings.

14. The method of claim 13, wherein:

the resistor comprises a plurality of resistors in parallel;
and

further comprising selecting a number of the plurality of
resistors through which the current in the windings is
directed to ground based on temperatures of the plurality
of resistors.

15. A method of controlling a motor comprising:

controlling a plurality of switches in a switch bridge to
couple a power source to windings of the motor, wherein
a duty cycle during which a number of the plurality of
switches are closed to provide a current between the
power source and the windings is limited such that the
current between the power source and the windings does
not exceed a current limit for the power source;
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determining when a commanded current is greater than the

current limit for the power source;
setting the commanded current based on the current limit
for the power source when the commanded current is
greater than the current limit for the power source; and

controlling the duty cycle in response to the commanded
current.

16. The method of claim 15, wherein:

the current limit for the power source is variable;

the power source comprises a battery; and

a value for the current limit is selected based on feedback

from a cell balancer circuit for the battery.

17. The method of claim 15, wherein the current between
the power source and the windings is the current between the
motor and the power source when the motor is providing
power to the power source.

18. The method of claim 15, wherein the current between
the power source and the windings is the current between the
power source and the motor when power is provided from the
power source to the motor.
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